ABSTRACT -Ferromagnetic semiconductor europium monoxide (EuO) is believed to be an effective spin injector when directly integrated with silicon. Injection through spin-selective ohmic contact requires superb structural quality of the interface EuO/Si. Recent breakthrough in manufacturing free-of-buffer-layer EuO/Si junctions calls for structural studies of the interface between the semiconductors. Ex situ high-resolution X-ray diffraction and reflectivity accompanied by in situ reflection high-energy electron diffraction reveal direct coupling at the interface. A combined analysis of XRD and XRR data provides a common structural model. The structural quality of the EuO/Si spin contact by far exceeds that of previous reports and thus makes a step forward to the ultimate goals of spintronics.
polarization, spin current and spin decoherence time achieved to date are far from being sufficient for implementing spin functionality in silicon. When special attention is paid to the tunnel barrier some spin injection characteristics can be significantly improved 12, 13 but the field still awaits a major breakthrough.
Electrical spin injection in a ferromagnetic (FM) semiconductor heterostructure 14 is an alternative not requiring a tunnel barrier and not suffering from the impedance mismatch problem. To explore this possibility one needs a stable epitaxial growth of a FM semiconductor directly on silicon. Dilute magnetic semiconductors make promising playground but their application is dogged by concerns regarding magnetic inhomogeneities 15 , the possibilities of secondary FM phases, contamination issues, and the sensitivity of magnetism to growth conditions. Among semiconductors with inherent magnetic ordering, EuO is a leading candidate to be integrated with Si. [16] [17] [18] [19] [20] [21] [22] EuO has an advantage of being perfectly magnetically homogeneous in a FM state. 23 Huge exchange splitting of the conduction band (0.6 eV) makes EuO a dreamedof source of almost fully spin-polarized electrons. 24, 25 Band gap of EuO (1.12 eV) matches that of Si. Cubic EuO is structurally compatible with silicon. It is believed to be the only binary magnetic oxide thermodynamically stable in contact with Si. 26 Bulk EuO exhibits remarkable properties: colossal magnetoresistivity effect of about 6 orders of magnitude in a few Tesla field, metal-insulator transition accompanied by 13-15 orders of magnitude change in resistivity, pronounced magneto-optics effects, high sensitivity to strain 27 and doping. In short, EuO is a gem among magnetic materials.
In contrast, manufacturing EuO films directly on Si is notoriously difficult. What is most important, the structure of the interface determines its magnetic properties:
for instance, the Curie temperature is highly susceptible to strains since exchange interaction is a steep function of Eu-Eu distance. Structural defects may produce magnetic inhomogeneities which may be highly destructive to spin injection.
In this Letter we present a detailed analysis of the structural coupling across the EuO/Si interface. A combination of in situ reflection high-energy electron diffraction (RHEED) and ex situ high-resolution X-ray diffraction (XRD) and reflectivity (XRR) studies accompanied by rigorous modeling reveals the structure of EuO films epitaxially integrated with silicon.
We discuss X-ray structural studies of two samples with similarly grown EuO/Si interfaces but different protective capping of the EuO thin film. Sample A is covered with amorphous SiO, while the topmost layer of Sample B is formed by higher oxide Eu 2 O 3 manufactured by a controlled oxidation of EuO.
XRR and XRD studies of EuO/Si samples are carried out using Rigaku Smartlab diffractometer with a 9 kW rotating copper anode. All data are recorded in the high-resolution mode employing a collimating parabolic mirror, four-bounce monochromator Ge (220) (+ − − +) and a system of collimating slits. The resolution of the scheme ∆ is 0.0004 Å -1 . All the optical scheme parameters -the beam divergence after the mirror/monochromator/slits optical system, spectral distribution of the incident radiation, and dispersion -are taken into consideration when the experimental data are analyzed. An accurate account of the experimental setup ensures a correct physical description of the system. Otherwise, artificial layers appear in fitting models. 30 First assessment of the quality of the grown films comes from X-ray diffraction scans. It is a common practice to perform separate studies of XRR and XRD experimental data though a combined analysis may give a more detailed structure of the interface. The methods have dissimilar sensitivity to structural parameters. When coupled, they provide a set of physical constrains for the structural model, which leads to a better accuracy and unambiguous character of the solution. It is especially beneficial for comprehensive characterization of ordered and disordered layers and interfaces in complex heterostructures. Below, we employ a combined analysis of XRR and XRD data based on the common complex refractive index.
Traditional analysis of XRR curves is based on a layered structural model, its parameters being determined iteratively. Each layer is characterized by its thickness, roughness, and complex refractive index , which is a function of the chemical composition and the material's density. In the limit of small electric susceptibility 
where  is the wavelength; 0 is the classical electron radius; -the number density andthe atomic scattering factor of the j-th atom. This approach does not take into account the crystal structure of the sample. Diffraction from a crystalline structure is commonly described in terms of Fourier components of the electric susceptibility of the crystal:
Within the two-wave approximation of the dynamical theory of diffraction, the series is limited by two waves -refracted and diffracted on one group of planes. The former ( = ) propagates irrespective of the crystallinity of the sample while the latter corresponds to two vectors of the reciprocal lattice = ± ℎ :
Fourier components  are functions of atomic scattering factors:
where is the unit cell volume; x, y, z -fractional coordinates of the -th atom. In particular, Eq.
(1) and (4) give simple relation between and  : Analysis of reflectivity curves is based on the Abeles matrix method 33, 34 while modelling of XRD rocking curves is carried out in the framework of the dynamical diffraction theory developed for semiconductor multilayer structures. 31 The iterative optimization procedure employs the reduced chi-squared goodness-of-fit statistics. The global optimization is achieved with a differential evolution algorithm successfully adapted to X-ray problems. 35 The result is a self-consistent structural model which describes both XRR and XRD experimental curves presented in Figure 3 .
Best-fit depth profiles of interlayer distance and Fourier components of electric susceptibility for Sample A are shown in Figure 4 . 
